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I. INTRODUCTION
Despite popular perceptions, urban land accounts for only a small
fraction (less than 3%) of the total land area of the United States (Fischel
1982; Heimlich et al. 1991). The largest land use category is agriculture
(47%), followed by forest (32%), and other rural land (18%). Another
common impression is that the largest changes in land use involve the
conversion of rural lands to urban uses. This belief can be traced in large
part to the 1977 National Resources Inventory (U.S. Department of
Agriculture 1982), which reported that highly productive agricultural land
was being urbanized at a great rate. The urbanization figures were
subsequently shown to be several orders of magnitude too large (Vesterby
et al. 1994), but the perception remained. Part of its persistence is related
to our insufficient understanding of how and why land use changes occur.
There is good information on the amount of land in various uses at different
points in time, but very little data on changes among these uses. 1 Nonetheless, it is the exchanges between uses that matter, both in terms of
understanding and predicting land use change and setting appropriate
policies to discourage socially undesirable changes.
To the extent that detailed information on land use change is available,
it is clear that the largest changes in land use involve shifts between rural
land uses. For instance, Dideriksen et al. (1977) report that between 1967
and 1975, the area of forest land shifting into other rural land uses
(cropland, pasture, other non-urban) was about 20 times as great as the
acreage shifting into urban uses (15 times for cropland and 19 times for
pasture). Vesterby and Heimlich (1991) find that even in areas with strong
urbanization pressures, significant shifts take place between rural land
uses. In the fastest growing counties in the 1970s, twice as much land
shifted from range land into forest, cropland, and pasture as shifted into
urban land.
Why are changes in rural land use an important concern? The primary
reason is that an unregulated market is not likely to allocate land to
different uses in a socially optimal manner. Markets do not exist for many
of the benefits or disamenities from rural land (e.g., soil erosion control,
water pollution), and many of the benefits are public goods (e.g., scenic
views, wildlife). Estimates of land use change provide a basis for designing

1

This problem has been remedied to some extent by the 1982, 1987, and 1992
National Resources Inventories, which can be used to identify acreages of land
shifting between uses; however, these data are reliable only for relatively large
multi-county regions. Since many land use policies are implemented at the county
level (e.g., the Conservation Reserve Program), we emphasize the use of data that
provide reliable county-level estimates.
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policies to correct for market inefficiencies. This study is motivated by the
view that land use policies will be more effective if they target exchanges
between land uses. Externalities will typically vary by location. For
instance, deforestation in one area may cause the eutrophication of lakes
and afforestation in another area may increase wildlife. Thus, even if the
net change in forest is zero, the net effect on the environment may not be.
Consequently, land use policies should seek to influence exchanges between
land uses, not simply the net change in land use. Policies will be more
effective if based on an understanding of the factors influencing shifts
between different land uses.
This study presents a methodology for estimating land use shares and
transitions. Our approach emphasizes the importance of land quality in
determining land use. Land quality is an index of the physical characteristics
of land such as soil depth, slope, and water capacity. We develop a
procedure for recovering the probability that land of a given quality is put
to a particular use. In addition, we identify the probability that land shifts
from one use to another. Formally, we estimate a matrix of Markov
transition probabilities for a set of possible land uses. The transition
probabilities are indexed by land quality, location, and time. We hypothesize
that land use changes result from changes in the relative returns to
different uses of land. In this study, economic conditions are implicit in the
observed patterns of land use; below we discuss an extension of our
methodology that incorporates explicit economic information.
The methodology we develop employs a statistical procedure called
Maximum Entropy estimation, which has two distinct advantages over
traditional estimation procedures. First, Maximum Entropy was designed
to uncover probability distributions from limited information when other
procedures such as Maximum Likelihood are infeasible. Maximum Entropy
is appropriate for our application to land use due to data limitations.
Second, Maximum Entropy provides a simple means of incorporating prior
information into the estimation problem. In our case, we use National
Resources Inventory data on land use and land quality as pre-sample
estimates of the land use shares and transitions.
This bulletin has five sections. In section II, we consider the data
available to measure land use change and review the literature on land use
and the estimation of transition matrices. Section III presents the
methodological approach, and section IV considers a simple application to
a 14-county region of Wisconsin. A final section summarizes the findings
and discusses extensions.
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II. LAND USE CHANGE:
MEASUREMENT, THEORY, AND ESTIMATION
I. M e a s u r i n g land use change
Land use data for the United States is collected by a number of
departments within the federal government. The Department of Commerce,
through the Census of Agriculture, obtains information on the acreage of
land in various agricultural uses every five years. On a less regular basis,
the U.S. Forest Service's Forest Inventory Analysis (FIA) group collects
information on forest uses through plot-level sampling. The Census and
FLA provide county-level estimates. More aggregate data on all land uses
is collected by the Soil Conservation Service as part of the National
Resources Inventory (NRI). Additional information on urban uses is
available from the Bureau of the Census.
The federal land use data indicate the amount of land in different uses
at different points in time. From these data, it is possible to construct a
"panel" giving the acreage of land by use, county, and year. 2 Table 1 shows
the amount of land in eight uses in southwestern Wisconsin for the years
1968 and 1983. In addition, land use changes between 1968 and 1983
(differences between columns 1 and 2) are reported. As demonstrated, the
federal data allow net changes in land use to be calculated. The net change
in a given land use equals the sum of all the transitions between the given
land use and the remaining land uses. For instance, the net change is forest
can be written
\FO = HC^FO + PC^FO + OC^FO + PR^FO + OF^FO + DC->FO +
OL^FO - FO^HC - FO^PC - FO^OC - FO^PR - FO^OF FO^DC FO^OL
where "-»" denotes a shift in acreage from the first use to the second (see
Table 1 for abbreviations). It is clear from the above expression that net
changes provide only a partial description of land use change. In particular,
the net change in forest provides no information on shifts between forest
and non-forest uses.

1

"Panel data" refers to a data set that includes both time-series observations (e.g.,
the amount of cropland in different periods) and cross-sectional observations (e.g.,
the amount of cropland in counties).

4
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The complete set of transitions can be represented in a matrix (Table
2). The land use transition matrix cannot be calculated from the federal
data a ; however, in a limited number of studies, land use transitions have
been directly measured using GIS or plot-level sampling. Vesterby and
Heimlich (1991) use aerial photographs of 135 fast-growth counties in the
United States to determine land use transitions for the periods 1960 to
1970 and 1970 to 1980. They aggregate land use shifts across counties and
report the land use transitions between 12 major land uses for the period
1970 to 1980. Using NRI data, Dideriksen et al. (1977) determine land use
transitions between cropland, pasture and range, forest, urban, and other
land for the period 1967 to 1975. The transitions are derived from plot
samples; however, due to the relatively small number of plots, this
information is accurate only for large multi-state regions.
The studies providing direct measurements of land use transitions
reveal two important features of land use change. First, net land use
changes mask large exchanges between land uses. For instance, Vesterby
and Heimlich (1991) find that crop and pasture area declines by 838
thousand acres. However, this net change is the outcome of 1722 thousand
acres of crop and pasture shifting into other uses and 884 thousand acres
of land in other uses shifting into crop and pasture. Dideriksen et al. (1977)
find t h a t pasture and range acreage increases by 68 million acres
nationally. This is the result of 129 million acres of land in other uses
shifting into pasture and range and 61 million acres shifting from pasture
and range into other uses. Second, urbanization of rural lands does not
account for the majority of changes in land use. In the Dideriksen et al.
(1977) study, only about 3% of total acreage changes involve the conversion
of rural land to urban uses. Most land use changes involve shifts between
rural land uses. Even in the fast-growth counties examined by Vesterby
and Heimlich (1991) where urbanization pressures are undoubtably great,
almost as much land shifts between rural land uses as shifts into and
between urban uses.

' In some cases, FIA plots have remained the same from one sampling period to the
next, allowing land use transitions to be determined, though in most cases with
large confidence intervals. The 1977 NRI provides highly aggregated information
on land use transitions, as discussed below.
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Table 1. Land use in Southwestern Wisconsin, 1968 and 1983.
Use

1968

1983

Net Change

Tr lousand Acres
Forest (FO)
Harvested Cropland (HC)
Pastured Cropland (PC)
Other Cropland (OC)
Pasture and Range (PR)
Other Farmland (OF)
Diverted Cropland (DC)
Other Land (OL)

1512
2019
629
320
512
225
0
933

1959
2595

Total land

6151

6151

+446
+575
-188
-229
-109
+4
+21
-520

441
91

403
230
21
413

Source: Census of Agriculture, Spencer et al. (1988)

Table 2. Land use transition matrix for Southwestern Wisconsin, 1968 to 1983.
HC

PC

OC

PR

OF

DC

OL

Use

FO

FO

FO->FO F O ^ H C FO->PC FO->OC FO->PR F O ^ O F F O ^ D C FO->OL

HC

H C ^ F O HC—>HC HC->PC HC->OC H C ^ P R HC->OF H C ^ D C HC-K3L
P C ^ P C PC->OC P C ^ P R P C ^ O F PC->DC PC->OL

PC

PC^FO PC^HC

OC

OC->FO O C ^ H C O C ^ P C OC->OC O C ^ P R O C ^ O F O C ^ D C OC->OL

PR

PR->FO PR->HC PR->PC PR->OC P R ^ P R P R ^ O F PR->DC PR->OL

OF

OF-^FO O F ^ H C OF->PC OF->OC O F ^ P R OF->OF OF->DC O F ^ O L

DC

DC->FO D C ^ H C DC->PC DC->OC D C ^ P R D C ^ O F D C ^ D C

DC^OL

OL

O L ^ F O OL->HC

O L ^ P C O L ^ O C OL->PR OL->OF O L ^ D C

OL^OL

II. Land use theory and estimation
There is a vast literature on land use dating back to the 19th century
(a more complete review is found in Plantinga 1995). Economist David
Ricardo introduced the concept of "land rent," the profits accruing to a
landowner as the result of relative advantages in soil productivity and
location. For instance, landowners with highly productive parcels of
farmland realize higher profits or rents than landowners with less productive
parcels. Von Thunen describes how, even with uniform soil productivity,

6
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location and transportation costs may give rise to land rents. In his model,
agricultural production takes place on a featureless plain surrounding a
city. At each point on the plain, the rent for a commodity is determined by
the output price received in the city less production and transportation
costs, the latter varying by distance to the city. The land is put to the use
with the highest rent, which under appropriate conditions (see Found
1971) implies that commodities will be produced in concentric zones
surrounding the city.
Modern analyses of land use have extended the Von Thunen model to
include factors such as soil productivity differences and transportation
corridors (e.g., Found 1971). More importantly, the theories of Ricardo and
Von Thunen have been incorporated into structural models and tested
empirically (e.g., Alig 1986; Lichtenberg 1989; Plantinga et al. 1989, 1990;
Stavms and Jaffe 1990; Parks and Murray 1994; Plantinga 1996). These
analyses use panel data of the sort presented in Table 1 and yield estimates
of the relationship between land use and explanatory variables such as
commodity prices and population. A consistent finding is that land use is
determined by relative land rents and land quality. In the former instance,
there is strong support for the hypothesis that landowners put their land
into the use yielding the highest rent. In the latter, there is strong evidence
that more intensive land uses like crop production tend to take place on
higher quality land. The results of these analyses can be used to estimate
the net change in land use resulting from changes in the explanatory
variables.
The methodology presented below describes a method of estimating
land use transitions. We use panel data on land use to estimate a Markov
transition matrix similar in structure to the matrix in Table 2. The
pioneering work on the estimation of transition matrices with panel data
was done in the 1960s (a review is found in Lee et al. 1977). Since that time,
a variety of topics have been analyzed, in all cases using traditional
estimation procedures such as Maximum Likelihood. Applications include
industry structure (e.g., changes in the size distribution of firms), industry
location, forest species transitions, and the likelihood of forest fires. Key
references are Kilmer and Hahn (1978), Kelton (1984), Alig and Wyant
(1985), Martell (1989), Kim et al. (1991), and Zepeda (1995). To our
knowledge, no studies estimate land use transition matrices with panel
data. Burnham (1973) and Vandeveer and Drummond (1978) estimate
transition probability matrices, but use observations of land use transitions
rather than panel data.
Traditional procedures such as Maximum Likelihood impose restrictions
on the data that can be employed in the estimation of transition matrices.
For instance, suppose that the acreage of land in if uses can be observed,
and further that these if observations are available at Tpoints in time. In
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order for an estimate of the transition matrix to be recovered, the number
of transitions must exceed the number of land uses, precisely T-\>K. If this
constraint is violated, the inverse matrix does not exist and the estimation
procedures fail. The available land use data provide detailed cross-sectional
information on land use; however, due to the infrequency of data collection
efforts by the federal agencies as well as changes in surveys techniques over
time, relatively few times series observations are available. Thus, traditional
estimation procedures can be used to recover the transition matrix only for
a limited number of land uses. The lack of previous estimates of land use
transition matrices may be related to these data limitations. These problems
are overcome in this study by employing Maximum Entropy estimation. A
reference for the Maximum Entropy technique is Golan et al. (1996).
III. T h e u s e of l a n d u s e transition
information for p o l i c y d e s i g n
Information on land use acreage transitions is needed for effective
policy making and evaluation. As discussed above, the impacts of
externalities associated with land use change are likely to depend on shifts
between land uses, not simply on net area changes. We demonstrate the
importance of utilizing transition information in the design of land use
policies by considering two current policy problems, the promotion of more
sustainable agricultural practices and programs to increase land-based
carbon storage.
A common criticism of the U.S. farm program is that it creates
disincentives for farmers to adopt more sustainable and environmentally
sound rotational cropping practices (e.g., Rausser 1992). The disincentives
arise because subsidies payed to farmers in the form of "deficiency
payments' are directly proportional to the historical acreage in program
crops. The acreage base for a particular program crop is the average
acreage in the crop over the preceding five years. Thus, a farmer who
switches to a rotational (or integrated) cropping system lowers the program
crop acreage base and the level of the corresponding deficiency payment.
Monoculture farming depletes soil nutrients and increases pest
problems and soil erosion. Thus, to maintain yields over time, farmers must
rely on increasing applications of chemical fertilizers and pesticides. The
intensive use of these chemical inputs leads to further declines in soil
fertility, increases off-site environmental risks, and adversely affects
water quality. The adoption of rotational cropping practices reduces the
need for chemical applications, thereby providing a more sustainable
alternative to chemical-intensive monoculture farming (Faeth et al. 1991).
The implications ofmodifyingor removing U.S. farm program provisions
have been extensively examined (e.g., Council of Economic Advisors 1987;

8
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Chang et al. 1992; Plantinga 1996). With respect to the above discussion,
an important policy question is how will changes in the U.S. farm program
influence farmers' decisions to adopt rotational cropping systems? A
related question is how will the adoption of more sustainable farming
practices affect land productivity and environmental quality?
These questions can be addressed using a transition matrix for crop
types. The foregoing discussion implies that the current farm program
increases the amount of land that remains in a given crop over time. In
other words, the diagonal elements of the transition matrix are relatively
large. If program changes are found to reduce the diagonal elements and
increase the off-diagonal elements of the transition matrix, then crop
shifting is the expected outcome. The adoption of particular rotational
systems can be analyzed by considering policies that influence the sequence
of the off-diagonal elements. The corresponding productivity gains and
environmental benefits can be estimated as a function of acreage changes.
The threat of C0 2 -induced global warming has generated interest in
tree planting and forest management as approaches to reducing atmospheric
carbon. To provide a framework for policy evaluation, an accounting system
of U.S. land-based carbon (carbon in soils, forests, etc.) has been developed
as one component of the U.S. Global Change Program. For instance,
Plantinga and Birdsey (1993) provide a carbon budget for U.S. private
timberlands. The accounting system is linked to models of the forest and
agricultural sectors to determine how land-based carbon storage will
change under various future scenarios (e.g., increased recycling of
wastepaper). These scenarios are reported in the 1993 Resources Planning
Act (RPA) assessment update and will constitute part of the next assessment,
scheduled to be completed in 1998.
Most of the land-based carbon in the U.S. is found in biomass and soils,
though the amounts vary greatly with land use. Substantially more carbon
is stored in forests than on agricultural lands due to greater amounts of
biomass and carbon accumlation in soils. Among agricultural uses, pasture
land typically stores more carbon than cropland since pasture establishment
involves comparatively less soil disturbance. The amount of carbon storage
also varies within land uses. For instance, Birdsey (1992) estimates that
approximately four times as much carbon is stored in a 150-year stand of
Douglas-fir as in a Lake States spruce-fir stand of the same age. Moreover,
the biomass to soil carbon ratio in the Douglas-fir stand is about 6:1
compared to 1:3 in the spruce-fir stand.
Changes in land use influence the total amount of land-based carbon.
Moreover, the amount of carbon ultimately stored on the land in its new use
depends to a great extent on the previous land use. The reason is that
carbon builds up in soils over time and though land conversion may release
some of the carbon to the atmosphere, much of it remains intact.
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Consequently, the total amount of carbon stored on the land in its new use
depends on how much remains from the previous use. The carbon accounting
system mentioned above models net land use changes. Thus, it cannot
adequately account for changes in land-based carbon resulting from
changes in land use. A matrix of land use transitions provides a better
means of tracking carbon flows since it accounts for the acreages of land
moving between uses and, thus, identifies the previous use of the land.
Following a policy change, the transition matrices can also be used to
estimate the long-term equilibrium amount of carbon storage.

III. METHODOLOGY FOR ESTIMATING LAND USE
SHARES AND TRANSITIONS
I. O v e r v i e w
This section describes the general procedure for estimating land use
shares and transitions using Maximum Entropy methods. The primary
data is a panel of land use shares, denoted y,k(l) and defined as the share
of land in county i (i = 1,...,I) put to use k (k = l,...,K) in time t (t = 1,...,T).
Land quality proportions are denoted 0, w h e r e j ( j = l,...,J) indexes the land
quality classes. Land quality is assumed to remain constant over the period
of the analysis.
Two relationships between these variables form the basis for the
estimation. First, the land use shares may be related to the quality
proportions by land use probabilities
ylk(t) = ipvk(t)8v

(1)

where pvk(t) is the probability that land of quality j is allocated to use k in
county i during time t. The land use probabilities may then be related by
first-order Markov transition probabilities according to
pl]k(t) = ( Zp v m (t-\)Kl]mk (t-l)

(2)

where Jtljmk(t) is the probability that land in use m shifts to use k (county i,
class j , time t). The economic incentives underlying land use shifts are
assumed to vary with time, location, and land quality, so the Markov
transition probabilities are non-stationary and differ across quality classes
and counties. The following subsection provides details on the methodology
used to estimated pljk(t) and nl]mk(t).
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II. The estimation procedure
If the K land use categories account for all land uses in county i, then
K

the shares must sum to 1, or Zylk(t) = 1. Thus, one of the K equations given
by (1) is redundant and may be omitted to yield a system of K-\ linear
equations in Jx(K-l) unknown probabilities. As such, unique values of the
probabilities cannot be recovered by traditional inversion procedures. In
such cases, researchers often impose identifying restrictions or assume
additional structure for the model in order to form a feasible problem. An
alternative means of recovering {p^it)} without imposing excessive
restrictions is the classical Maximum Entropy (ME) framework devised by
Jaynes (1957a, 1957b). Given a set of two or more feasible probability
distributions, Jaynes proposed selecting the distribution that is most
consistent with prior information. Prior consistency is measured by the
Kullback-Liebler (KL) information criterion
I(p,q) = Zphln[Pll

/qh]

(3)

where q is a probability distribution that reflects our prior knowledge, and
I(p,q) measures the informational "distance" between q and any other
distribution p. As in the Bayesian literature, uniformity is often used to
reflect a lack of prior knowledge. If q is a discrete uniform distribution, then
I(p,q) reduces to Shannon's entropy H(p) = -Sp f c ln [ph].
Given a uniform prior, the ME version of our problem may be stated as
max H(p) = -ijLpllk(t)\a.

[pijk(t)]

(4)
K

subject to the known constraints (1) and =Y.pljk(t)= 1 for each i and t. Using
familiar Lagrangian techniques, the optimal land use probabilities are
exp(-A,*(O0„)
P„k(t) = ~K
:
(5)
Xexp(-U«0v)
',-=1

'

where %lk(t) is the Lagrange multiplier on the feth model constraint,
equation (1). Note that a given set of multipliers do not uniquely determine
the probabilities. As in the logit model of discrete qualitative choices, we
may normalize the parameters by setting X,,(0 = 0 (i.e., effectively omitting
the first equation as redundant).
For the application to Wisconsin considered in the next section, we
have prior information on pjk(t) for the Lake States region at one point in
time (1977). Accordingly, we may use this information as a prior distribution
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for all counties and time periods. If we denote the Lake States proportions
as {qjk}, the ME problem under the non-uniform prior may be stated as
min I(p,q) = X lpljk(t)\n

[pljk(t) I qjk]

(6)

subject to the same constraints on (4). The land use probabilities that
minimize the KL distance between {pljk(t)} and {qjk\ are
q
jk
M,*(0 = T

exp(Xlt(O0„)
(7)

The solutions (5) and (7) depend on the optimal Lagrange multipliers
and so do not have closed-form solutions. However, we may substitute the
ME solutions back into the associated Lagrangian equation to yield a
concentrated objective function in terms of {Xtk(t)}. For a non-uniform prior,
the objective function for county i is
M,(X) = iyJl(t)Zu,(t)-iln

Z^exp(rit(O0„)

(8)

which is strictly concave in the Lagrange multipliers. Hence, the Lagrange
multipliers can be easily computed with the same numerical techniques
used to solve unconstrained Maximum Likelihood or Nonlinear Least
Squares problems.
The principle advantage of the ME framework is that it provides
feasible solutions to problems given very limited amounts of information.
If we have more detailed information about the underlying decision
process, or are willing to impose additional structure on the model, such
information may be used to extend the classical ME framework. For
example, equation (2) assumes land use changes may be represented by a
first-order (finite and discrete) Markov process, which realistically implies
that land use in time t only depends on the use in time t-l.ln many Markov
problems, sample proportions for {p,jk(t)} are available so that equation (2)
can serve as an estimation equation. Although we do not observe the
sample proportions for each quality class j , we can recover {p,lk(t)} using the
classical ME method described above. Then, we can use the estimates to
form a second ME problem to recover the Markov transition probabilities.
Since some land use transitions are relatively unlikely (e.g., urban to
crop), we may want to express this knowledge as a set of prior probabilities
on the Markov transition probabilities, {jU,mJ. Using the KL criterion, the
resulting ME estimates of the transition probabilities are
AWexp(A. yt Wp ym («-l))
nljmk{t) = T,
;
m£AWexp(V(0p„m

(t-l))

(9)

12
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where {kljk(t)} are the Lagrange multipliers on the first-order relationship
in equation (2)'1 and {pljm (t-1)} are first-stage estimates of the land use
probabilities (equation 7). We use estimates of land use transitions in the
Lake States between 1967 and 1975 to form a prior {[imk}, which are the
same for all i and j .

IV. APPLICATION OF THE METHODOLOGY
This section presents an application of the methodology to a region in
Wisconsin corresponding to the Forest Service's Southwest Survey Unit
(Spenceretal. 1988). Southwestern Wisconsin is a 14-county region located
along the Mississippi River from the Iowa-Illinois border in the south to the
St. Croix River in the north. The region includes the "driftless" or unglaciated
portion of the state and thus has relatively steep terrain and unproductive
soils. The dominant land uses are agriculture (60% of the land area) and
forest (30%), with the remaining land in urban, marsh, water, and other
uses. Dairy farming is the primary agricultural enterprise and most of the
agricultural land is used to provide feed for the dairy herds. Approximately
two-thirds of the agricultural land is in feed crops and about one-third is in
pastureland. The forests are dominated by the oak-hickory and maplebirch forest types.
Land use observations are assembled from Forest Service inventories
(Spencer and Thorne 1972; Spencer et al. 1988) and Census of Agriculture
reports. Observations of forest, harvested cropland, pastured cropland,
other cropland, pasture and rangeland, farmland in house lots, etc.,
cropland in government set-aside programs, and other land are available
by county at four points in time (1968/9, 1974, 1978,1982/3). 5 Land quality
data is from Soil Conservation Service county-level soil surveys. Soil
surveys report the acreage in each of eight land capability classes numbered
I to VIII. The capability rating is an index based on 12 soil characteristics
including soil depth, slope, and drainage (U.S. Department of Agriculture
1973). Land in higher capability classes (lower roman numerals) is best
suited to agricultural uses such as cropland while land in lower classes is
best suited to forest. Class VIII soils have no practical agricultural uses and
1
There is no need to normalize one of the parameters because the additivity
constraint is imposed on the rows of the Markov transition matrix.
5

Definitions of the land use categories are found in the Forest Service and Census
reports with the exception of the other land category which is the difference between
the total land area and the area in Forest Service and Census uses. The other land
category includes urban uses, marsh, noncensus water and other uses. The forest
observations for 1974 and 1978 were estimated using the fitted model in Plantinga
(1996).

MAFES Technical Bulletin 166

13

in some cases may be unable to support vegetation. 0,; is defined as the
proportion of land in county i in land capability class j w h e r e ; = 1,...,8.
The 1977 National Resources Inventory (U.S. Department of Agriculture
1982) provides estimates of the acreage of land in different uses by land
capability class. Data for the Lake States region were used to form prior
values of the land use probabilities pjk(t) (Table 3). The probabilities reflect
the use of higher quality land for intensive uses such as harvested cropland
and the allocation of lower quality land to forest. Roughly one-half of the
lowest quality land (class 8) is in the other land category, which includes
rocky outcroppings and gravel pits. A prior for the transition probabilities
is developed from land use transition data for the Lake States region
(Dideriksen et al. 1977) (Table 4). Information is provided on the acreage
Table 3. Prior values of the land use proportions.
Quality Class

FO

HC

PC

oc

PR

OF

DC

OL

1

0.01

0.83

0.08

0.00

0.02

0.06

0.00

0.00

2

0.22

0.54

0.12

0.01

0.06

0.03

0.01

0.02

3

0.36

0.33

0.10

0.02

0.08

0.05

0 01

0.06

4

0.58

0.11

0.05

0.01

0.08

0.06

0.00

0.11

5

0.63

0.02

0.00

0.01

0.10

0.13

0.00

0.10

6

0.76

0.04

0.03

0.01

0.08

0.03

0.00

0.06

7

0.82

0.02

0.01

0.00

0.07

002

0.00

0.05

8

0.28

0.00

0.00

0.00

0.04

0.18

0.00

0.49

PR

OF

DC

OL

Source: U.S. Department of Agriculture (1982)
Table 4. Prior values of the transition proportions.
Land Use

FO

HC

PC

oc

FO

0.87

0.03

0.00

0.00

0.03

0.00

0.00

0.08

HC

0.02

0.80

0.03

0.03

0.06

0.00

0.00

0.07

PC

0.02

0.03

0.80

0.03

0.06

0.00

0.00

0.07

OC

0.02

0.03

0.03

0.80

0.06

0.00

0.00

0.07

PR

0.10

0.28

0.00

0.00

0.44

0.00

0.00

0.18

OF

0.00

0.00

0.00

0.00

0.00

1.00

0.00

0.00

DC

0.00

0.00

0.00

0.00

0.00

0.00

1.00

0.00

OL

0.09

0.15

0.00

0.00

0.05

0.00

0.00

0.72

Source: Dideriksen et al. (1977)
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of land shifting between forest, cropland, pasture and range, and other land
between 1967andl975. These data are used to compute land use transitions
as proportions of the total land in a use in 1967 (e.g., the share of forest land
in 1967 that remains in forest, moves to cropland, etc.). The computed
transition probabilities for cropland are divided among harvested, pastured,
and other cropland. Other farmland and diverted cropland are assumed to
remain in the same use.
The estimation procedure generates output too voluminous to report in
its entirety. Consequently, we focus on selected results that illustrate the
type of information provided by the procedure (Table 5). The prior values
Table 5. Maximum Entropy estimates of land use probabilities for Buffalo
County, Wisconsin.
Year

l(P.q)

FO

HC

PC

oc

PR

OF

DC

OL

0.06

Class 3
Prior

0.36

0.33

0.10

0.02

0.08

0.05

0.01

1968/9 0.19

0 17

0.61

0.10

0.02

0.03

0.03

0.01

0.02

1974

0.27

0.10

0.59

0.12

0.03

0.03

0.02

0.02

0.09

1978

0.22

0.12

0.56

0.13

0.03

0.05

0.02

0.00

0.09

1982/3 0.17

0.17

0.48

0.16

0.06

0.04

0.03

0.00

0.06

Class 4
Prior

0.58

0.11

0.05

0.01

0.08

0.06

0.00

0.11

1968/9 0.35

0.34

0.41

0.09

0.02

0.03

0.05

0.01

0.06

1974

0.59

0.15

0.35

0.10

0.03

0.03

0.03

0.01

0.30

1978

0.48

0.17

031

0.11

0.02

0.06

0.03

0.00

0.30

1982/3 0.32

0.29

0.25

0.14

0.06

0.04

0.05

0.00

0.17

Class 6
Prior

0.76

0.04

0.03

0.01

0.08

0.03

0.00

0.06

1968/9 0.10

0.66

0.13

0.05

0.02

0.05

0.03

0.00

0.05

1974

0.33

0.44

0.15

0.07

0.03

0.06

0.03

0.01

0.21

1978

0.26

0.47

0.13

0.07

0.02

0.09

0.03

0.00

0.19

1982/3 0.14

0.59

0.10

0.07

0.04

0.06

0.04

0.00

0.11

MAFES Technical Bulletin 166

15

of the land use probabilities for class 3 indicate roughly equal percentages
of forest and harvested cropland (Table 3). However, for Buffalo County and
1968/9, the estimated probabilities are 0.17 and 0.61, respectively. This
result indicates that the land use and land quality data provide considerable
additional information about the land use probabilities beyond the prior
values. In contrast, the estimates of the probabilities for the remaining
land uses are fairly similar to the prior values, implying the data contribute
little additional information. The "contribution" of the data is measured by
the Kullback-Liebler criterion I(p,q) (equation 3), or cross-entropy measure,
evaluated at the probability estimates {pljk{t)\ and the priors {qjk}- The
cross-entropy for class 3 and 1968/9 is a relatively high 0.19, reflecting the
divergence between the estimates and the priors for forest and harvested
cropland.
The land use probability estimates for Buffalo County and class 4
suggest that forest and harvested cropland are more uniformly distributed
than indicated by the prior. The estimates for 1982/3 are 0.29 and 0.25,
respectively, compared to prior values of 0.58 and 0.11. In addition, relative
to the prior, more land is estimated to be in pastured cropland, other
cropland, and other land uses, and less is estimated to be in pasture and
rangeland. The cross-entropy measures range from 0.32 to 0.59. The
probability estimates for land class 6 are more similar to the prior value, as
reflected in smallercross-entropies.Foreach land class, the forested proportion
tends to decline in the years 1974 and 1978, a change mirrored by increases
in other land. In addition, in each class harvested cropland declines over time
while the areas of pastured and other cropland tend to increase.
The exact patterns of land use change are described in the Markov
transition matrices. The estimated matrices for class 4 and the three
periods reveal that a large proportion of the forest shifts into the harvested
cropland and other land categories from 1968/9 to 1974 and that there is a
shift in the opposite direction between 1978 and 1982/3 (Table 6). These
changes occurred during and following the oil price shocks associated with
the Arab oil embargo and the Iran-Iraq war, episodes that had large
impacts on commodity price and land markets. It is probable that forest
was converted to agricultural and other uses in the early 1970s and then
reverted back to forest in the early 1980s. The matrices also reveal that a
sizable share of harvested cropland moved to the pastured and other
cropland categories, explaining the overall decline in harvested cropland.
Exchanges between the harvested cropland and other land uses were also
considerable.
The land use probabilities in Table 5 indicate roughly constant shares
of pasture and rangeland, between 3% and 6% of the class 4 land. However,
the transition probabilities reveal large exchanges between pasture and
rangeland and the other land uses, particularly forest, harvested cropland,
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and other land. Only about 40% of the pasture and rangeland remained in
the same use during the three periods. This result highlights the importance
of looking at land use transitions rather than net changes.

V SUMMARY AND EXTENSIONS
Land use policies seek to encourage socially optimal uses of the land.
For instance, many states have instituted programs that provide financial
incentives to landowners to keep land in rural uses (Dunford 1980). At the
federal level, the Forestry Incentives Program provides financial and
technical assistance to forest owners. The Conservation Reserve Program
(CRP) is another federal program designed to promote the establishment
of trees and other permanent cover on marginal agricultural lands. Among
the goals of the CRP is reduction in soil erosion and enhancement of wildlife
habitat. These programs work by increasing the rents or profits from the
desired use (e.g., rural) relative to the rents from other uses (e.g., urban).
Policy-makers need to have information on the likely impacts of programs
in order to design the most effective set of policies. Moreover, it is our view
that policy-makers need to consider the effects on land use transitions since
the environmental impacts of land use change are likely to depend on the
explicit pathways of these changes.
This bulletin presents a methodology for estimating land use transitions
using panel data on land use and land quality information from soil
surveys. The procedure involves Maximum Entropy estimation, which has
two distinct advantages over traditional approaches. First, it allows the
land use probabilities and transitions to be recovered in instances where
standard techniques like Maximum Likelihood are infeasible. Our
application to Wisconsin, which involves eight states (land uses) and three
transitions, constitutes an ill-posed inversion problem; however, in this
case, Maximum Entropy estimation is feasible. The second advantage is
that prior information can be readily incorporated into the estimation. In
our application, we used National Resources Inventory data to inform our
estimates of the probabilities and transitions.
The application illustrates the type of information that can be recovered
using this approach. In the first stage of the procedure, land use probabilities
are estimated, which give the share of land by county, land class, and time.
In the second stage, the probability that land moves between land uses,
again by county, land class, and time, are recovered. The estimates can be
compared to the prior values of the probabilities and transitions by means
of the cross-entropy measure which indicates how much the estimates
differ from the prior. In a sense, cross-entropies measure the contribution
of the information on land use shares and land quality and thus is akin to
a likelihood ratio.
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Table 6. Maximum Entropy estimates of Markov transition probabilities for
Buffalo County, Wisconsin.
Land Use

FO

HC

PC

OC

PR

OF

DC

OL

0.52

Class 4
1968/9 to 1974
l(t,n)= =0.91
FO

0.39

0.08

0.00

0.00

0.02

0.00

0.00

HC

0.00

0.75

0.06

0.02

0.01

0.00

0.00

0.16

PC

0.01

0.02

0.84

0.02

0.04

0.00

0.00

0.07

oc

0.02

0.03

0.03

0.80

0.06

0.00

0.00

0.07

PR

0.09

0.30

0.00

0.00

0.40

0.00

0.00

0.21

OF

0.00

0.00

0.00

0.00

0.00

1.00

0.00

0.00

DC

0.00

0.00

0.00

0.00

0.00

0.00

1.00

0.00

OL

0.06

0.14

0.00

0.00

0.03

0.00

0.00

0.77

1974 to 1978
l(t.|i)= =0.15
FO

0.88

0.02

0.00

0.00

0.02

0.00

0.00

0.08

HC

0.03

0.75

0.06

0.00

0.06

0.00

0.00

0.10

PC

0.02

0.02

0.85

0.00

0.05

0.00

0.00

0.06

OC

0.03

0.04

0.05

0.66

0.11

0.00

0.00

0.11

PR

0.10

0.28

0.00

0.00

0.43

0.00

0.00

0.19

OF

0.00

0.00

0.00

0.00

0.00

1.00

0.00

0.00

DC

0.00

0.00

0.00

0.00

0.00

0.00

1.00

0.00

OL

0.09

0.10

0.00

0.00

0.03

0.00

0.00

0.77

FO

0.95

0.01

0.00

0.00

0.01

0.00

0.00

0.03

HC

0.05

0.61

0.13

0.15

0.02

0.00

0.00

0.03

PC

0.02

0.01

0.88

0.03

0.03

0.00

0.00

0.03

OC

0.02

0.02

0.03

0.82

0.05

0.00

0.00

0.06

1978 to 1982/3
l(*.H)==0.66

PR

0.13

0.29

0.00

0.00

0.40

0.00

0.00

0.18

OF

0.00

0.00

0.00

0.00

0.00

1.00

0.00

0.00

DC

0.00

0.00

0.00

0.00

0.00

0.00

1.00

0.00

OL

0.33

0.16

0.00

0.00

0.02

0.00

0.00

0.49
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An i m p o r t a n t e x t e n s i o n of t h e m e t h o d o l o g y will be to i n c o r p o r a t e
economic i n f o r m a t i o n t h a t influences t h e allocation decisions of l a n d o w n e r s .
T h i s c a n be d o n e in t h e second s t a g e of t h e p r o c e d u r e by specifying t h e
t r a n s i t i o n p r o b a b i l i t i e s a s a function of u n k n o w n p a r a m e t e r s a n d r e l e v a n t
o u t p u t a n d i n p u t prices, conversion costs, a n d o t h e r r e s o u r c e c h a r a c t e r i s t i c s .
U n d e r appropriate conditions, the M a x i m u m Entropy Markov transition
p r o b a b i l i t i e s t a k e a m u l t i n o m i a l logit form a n d t h e u n k n o w n p a r a m e t e r s
can t h e n be e s t i m a t e d u s i n g t h e f i r s t - s t a g e e s t i m a t e s of t h e l a n d u s e
p r o b a b i l i t i e s . T h e economic i n f o r m a t i o n , p a r t i c u l a r l y p r i c e s , will p r o v i d e
a n a v e n u e for e s t i m a t i n g t h e effects of policy c h a n g e s o n l a n d u s e .
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